Metal nanoparticles have received great attention from researchers across the world because of a plethora of applications in agriculture and the biomedical field as antioxidants and antimicrobial compounds. Over the past few years, green nanotechnology has emerged as a significant approach for the synthesis and fabrication of metal nanoparticles. This green route employs various reducing and stabilizing agents from biological resources for the synthesis of nanoparticles. The present article aims to review the progress made in recent years on nanoparticle biosynthesis by microbes. These microbial resources include bacteria, fungi, yeast, algae and viruses. This review mainly focuses on the biosynthesis of the most commonly studied metal and metal salt nanoparticles such as silver, gold, platinum, palladium, copper, cadmium, titanium oxide, zinc oxide and cadmium sulphide. These nanoparticles can be used in pharmaceutical products as antimicrobial and anti-biofilm agents, targeted delivery of anticancer drugs, water electrolysis, waste water treatment, biosensors, biocatalysis, crop protection against pathogens, degradation of dyes etc. This review will discuss in detail various microbial modes of nanoparticles synthesis and the mechanism of their synthesis by various bioreducing agents such as enzymes, peptides, proteins, electron shuttle quinones and exopolysaccharides. A thorough understanding of the molecular mechanism of biosynthesis is the need of the hour to develop a technology for large scale production of bio-mediated nanoparticles. The present review also discusses the advantages of various microbial approaches in nanoparticles synthesis and lacuna involved in such processes. This review also highlights the recent milestones achieved on large scale production and future perspectives of nanoparticles.
Introduction
In recent times, research interest in metal nanoparticles and their production has increased signicantly because of their innovative applications in different industrial domains. 1, 2 Nanoparticles are particulate dispersions of solid particles with at least one dimension between 1 and 100 nm. Nanoparticles have opened various fronts for the design of new materials and evaluation of their properties by modulating particle size, morphology and distribution. 3 Metal nanoparticles have been explored widely due to their unique characteristics like antimicrobial, anticancer and catalytic activity, and magnetic and optical properties. The most important property of metal nanoparticles is their large surface area to volume ratio which increases their interaction with other molecules. 4 Because of these remarkable and fascinating characteristics, nanoparticles are gaining signicant attention in a diverse range of applications such as biochemical sensors, electronic equipment, catalysts, bio-assay, tumor-imaging, drug delivery and pharmaceutical treatment procedures. 5, 6 Generally nanoparticles are produced and stabilized either by a "top down" or "bottom up" strategy. 7 In the "bottom up" strategy, nanoparticles are synthesized via self-assembly of atoms into nuclei which further develop into nanoscale particles. This approach includes chemical and biological methods of production whereas in the "top down" strategy, bulk material is broken down into small particles by size reduction using various physical and chemical techniques. 8, 9 The physical methods include grinding, milling and thermal ablation etc. On the other hand, the chemical approach of nanoparticles synthesis includes electrochemistry, chemical reduction, and photochemical reduction techniques. The physical approaches require high amount of energy which makes these types of processes more capital intensive. Another drawback of physical methods is the lower production yield of nanoscale materials. 8 Over the past years, the chemical processes have been most preferable approach for nanoparticles synthesis because of requirement of less energy during reduction step and formation of homogenous particles with high preciseness in size and shape. 3 However, chemical methods are environmentally hazardous because of the use of various perilous chemicals (hydrazine or potassium bitartrate) which are responsible for carcinogenicity, genotoxicity, and cytotoxicity. 9, 10 The use of chemical methods for synthesis of nanoparticles for biomedical application have been restricted because of toxicity, instability and less biocompatibility. 11, 12 Therefore, developing an environment friendly approach that effectively modulates the size, morphology, stability and characteristics is presently the main focus of research area on nanoparticle synthesis. 13 The bio-mediated synthesis using microbes has evolved as a promising substitute to traditional methods of nanoparticles synthesis. 14 Microbial synthesis is an environment-friendly green approach that exploits biological creatures such as bacteria, actinomycetes, fungi, algae, viruses and yeast for nanoparticles production. Microbial route provides a nontoxic, inexpensive and reliable way for nanoparticles synthesis with diversity in size, shape, composition, and physicochemical properties. This "green" route of nanoparticle synthesis is an attractive practice that enables synthesis in aqueous environment with minimum costs and low energy requirement, and can be easily scaled up to higher level. 15 Another important property of these microbiological agents is their capability to serve as templates for the synthesis and organisation of nanorange particles into well-dened structures. Although several reviews have been published in past on nanoparticles biosynthesis, the present article aims to review the recent developments and progress made in nanoparticles synthesis in recent ve to six years. This review paper mainly emphasizes on the utilization of various microbial agents for the metal nanoparticles synthesis, and understanding the possible mechanisms involved in fabrication of metal nanoscale particles. The present review will discuss various advantages and applications of microbial approaches in nanoparticles synthesis and lacuna involved in such processes. Finally, recent milestones achieved in large scale production and concluding remarks on future perspectives have been summarized.
Microbial synthesis of metal nanoparticles
In past few years, biosynthesis of nanoparticles using microbial agents such as bacteria, actinomycetes, fungi, yeast, viruses and marine algae has received tremendous attention in the area of green nanotechnology. 14 Microorganisms serve as potential nanofactories for ecofriendly and inexpensive synthesis of different metallic nanoparticles like silver, gold, palladium and copper, and metal oxides such as zinc oxide, titanium oxide etc. These nanoscale structures could exist in different shapes and forms such as nanotubes, nanoconjugates, nanorods and nanowires etc. (Fig. 1 ). 3 These different morphological forms have shown remarkable properties for use in biomedical applications as anticancer and antimicrobial compounds.
Bacteria and actinomycetes
Bacteria possess unique ability to reduce metallic ions into nanoparticles and are one of the most suitable candidates for nanoparticles synthesis because of their ease of handling and high growth rates. As opposed to other microbes, bacteria can be easily moulded and manipulated genetically for the biomineralization of metal ions. 16 Bacteria are continuously exposed to harsh and toxic environment conditions resulting from high concentrations of heavy metal ions in their surroundings. However, they have evolved various natural defence mechanisms such as intracellular sequestration, efflux pumps, change in metal ion concentration and extracellular precipitation, to cope up with these stress conditions. 17 These defence mechanisms can be efficiently utilized by the bacteria for the synthesis of nanoparticles for different kind of applications. Table 1 shows the list of different bacterial strains adopted for the fabrication of nanoparticles and their respective applications.
Bacteria are generally known to synthesize metal nanoparticles either by extracellular or intracellular mechanisms. Beveridge and Murray rst time reported the deposition of gold nanoparticles (AuNP) extracellularly on Bacillus subtilis cell wall when gold chloride solution was used to suspend unxed wall. 18 In another report, a silver-resistant strain of Pseudomonas stutzeri AG259 accumulated silver nanoparticles (AgNP) intracellularly within size range of few nm to 200 nm using NADHdependent reductase enzyme that supplies electrons and itself oxidises to NAD + . 19 The transfer of electrons from NADH results in the bioreduction of silver ions into silver nanoparticles. In 2012, Srivastava et al. concluded that Pseudomonas aeruginosa has the capability to synthesize variety of nanoparticles intracellularly such as Pd, Ag, Rh, Ni, Fe, Co, Pt, and Li nanoparticles. 20 This work did not include any external stabilizing agent and electron donors and was free from the step of modifying pH during the biomineralization step of different metal ions. In recent reports, different bacterial strains such as Escherichia coli, Bacillus subtilis, Bacillus megaterium, Pseudomonas aeruginosa, Klebsiella pneumoniae, Bacillus cereus, Alteromonas and Ochrobactrum etc. have been extensively used for nanoparticles synthesis (Table 1) .
Das et al. revealed the extracellular synthesis of silver nanoparticle at ambient temperature in 24 h using Bacillus cereus isolated from heavy metal contaminated soil. 21 Synthesized AgNPs showed surface plasmon resonance properties which could be useful in various application. Kulkarni et al. elucidated the extracellular biosynthesis of AgNPs using radiation resistant Deinococcus radiodurans via reduction of silver chloride solution. 22 The AgNPs showed broad-spectrum antibacterial and anti-biolm activity against both Gram negative and Gram positive bacteria. The AgNPs also showed excellent anticancerous activity against human breast cancer cell lines. The cell viability and cytotoxicity assay demonstrated that AgNPs can inhibit the proliferation of cancer cell lines. D. radiodurans can withstand high radiation and desiccation condition which suggest that it can be used for on-eld application for bioremediatizon. Researchers are now shiing towards the synthesis and development of different type of nanoparticles such as palladium, platinum and tellurium etc. specically targeting them for various end uses. For example, Ahmed et al. reported synthesis of ultra small palladium and platinum nanoparticles by Shewanella loihica PV-4 within the size range of 2-7 nm. 23 In this report, electrochemically active biolms of S. loihica were employed for the successful synthesis of ultra small nanoparticles. The synthesized palladium and platinum nanoparticles have shown excellent catalytic performance in decomposition of methyl orange dye. Zonaro et al. described the synthesis of tellurium nanoparticles using Ochrobactrum sp. and concluded that this strain can serve as a potential nanofactory for the conversion of toxic tellurite oxyanions into useful nanoparticles. 24 In recent study, Srinath et al. described the synthesis of AuNPs using Bacillus subtilis isolated from Hatti Gold Mine, India. 25 The microorganisms isolated from gold mine have high resistance to gold ions toxicity and can synthesize AuNPs efficiently. The AuNPs served as biocatalyst in degradation of methylene blue and can be used to degrade other toxic dyes in the environment. Saravanan et al. used Bacillus brevis for the synthesis of spherical silver nanoparticles within the size range of 41-62 nm. 26 In this work, AgNPs showed remarkable antibacterial activity against multidrug resistant strains of Salmonella typhi and Staphylococcus aureus.
The reduction of metallic ions into nanoparticles is considered to be dependent on a variety of factors. The rst important factor is organic functional molecules present on the cell wall that induce biomineralization, and another essential factor is suitable environmental conditions such as pH, composition of medium, metallic salt concentration and temperature. 19 Nanoparticle size, morphology and composition can be signicantly affected by these environment parameters. 27 Therefore, it is essential to optimize these factors during biosynthesis step to increase the overall efficiency of particles. For example, Ramanathan et al. synthesized silver nanoparticles (AgNPs) using Morganella psychrotolerans and optimized growth kinetics parameters to study their effect on AgNPs morphology. 28 At optimum growth temperature of 20 C, spherical AgNPs were produced with average diameter of 2-5 nm, while a mixture of triangular and hexagonal nanoplates along with spherical nanoparticles were obtained at 25 C. As temperature was decreased from 20 C to 15 C, again a mixture of nanoplates and spherical particles were obtained. Further reduction in bacterial physiological activity and growth by decreasing its optimum growth temperature to 4 C resulted in a signicant increase in the number of nanoplates, with only small number of spherical nanoparticles. Moreover, the spherical nanoparticles formed at 4 C were larger in size around 70-100 nm. In another study, Yumei et al. studied the AgNP synthesis using Arthrobacter sp. and demonstrated that synthesis of nanoparticle can be modulated by metal ion concentration, temperature and pH. 29 Low concentrations of silver nitrate (1 Streptomyces xinghaiensis OF1 mM) synthesized face-centred-cubic AgNPs with size in between 9 to 72 nm at 70 C and pH 7 to 8. On increasing the silver nitrate concentration to 3 mM, aggregation of AgNPs was observed at 70 C. However, no AgNPs synthesis was reported below 5 and above 8 pH, and synthesis was found to be facilitated within the range of 7 to 8 pH. Upon increasing the incubation temperature from 70 C to 90 C, there was decrease in synthesis time from 10 min to 2 min. This study concluded that medium pH and metal ion concentration have direct inuence on nanoparticle synthesis. Till few years ago most of the researchers were mainly focused on terrestrial bacteria only. Recently, marine microbial cultures have also been explored extensively as nanofactories for nanoparticles synthesis. Malhotra et al. explored the potential of novel marine bacterium, Stenotrophomonas for the biosynthesis of AuNPs and AgNPs. 30 The research work investigated that low molecular weight secretory proteins present in supernatant were responsible for AuNPs and AgNPs biosynthesis. Similarly, Kaur et al. identied a new marine strain, Kocuria ava capable of synthesizing copper nanoparticle with particle size within the range of 5 to 30 nm. 31 Various literature reports have explored nanoparticles synthesis using bacterial extracellular polymeric substances (EPS) which act as effective bio-reductant and capping agent. 4, 32, 33 For example, Mehta et al. demonstrated application of EPS, secreted by an osmotolerant marine isolate Alteromonas macleodii, for the production of silver nanoparticle having narrow size distribution. 32 Table 1 gives an overview of results of various other recent reports on nanoparticles biosynthesis by different bacteria. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] The table also highlights the application of these nanoparticles in bioremediation and biomedical eld.
Actinomycetes have been generally used for the synthesis of extracellular enzymes and secondary metabolites. 38 They have also been adopted for the biosynthesis of nanoparticles as they have unsurpassed capacity for the production of various bioactive compounds and contain high protein content. Actinomycetes synthesize nanoparticles via both intracellular and extracellular pathway, but extracellular reduction is the most common pathway and has more commercial applications in different elds. In 2012, Otari et al. explained the green biosynthesis of silver nanoparticles using actinobacteria Rhodococcus NCIM 2891. 39 The TEM graph analysis of AgNPs revealed spherical shape with an average diameter of 10 nm. Intracellular biomineralization of silver ions was thought to be the result of enzymes present on the cell wall, resulting in production of silver nuclei. Karthik et al. adopted the marine bacterium, Streptomyces sp. LK-3 for the reduction of silver ion into AgNPs. 40 Their study concluded that nanoparticles were synthesized extracellularly and NADH-dependent nitrate reductase was mainly responsible for the reduction of silver ion into stable AgNPs via an electron transfer reaction. The AgNPs exhibited strong acaricidal or antiparasitic activity against Rhipicephalus microplus and Haemaphysalis bispinosa. Recently, Buszewski et al. employed an acidophilic actinobacteria, Streptacidiphilus durhamensis for the synthesis of silver nanoparticles. 41 Their work displayed formation of stable spherical AgNPs within size range of 8 to 48 nm which showed the antibacterial activity against Pseudomonas aeruginosa, Staphylococcus aureus, and Proteus mirabilis. Generally, biosynthesized nanoparticles exhibit higher antimicrobial activity in comparison to traditionally synthesized nanoparticles due to the action of various bioactive molecules involved in capping and stabilization of the nanoparticles. Later on, Abd-Elnaby et al. screened 41 actinomycetes isolates from Suez Gulf, Red Sea and found that only two strains were capable of synthesizing AgNPs. 42 Moreover, AgNPs exhibited a strong antibacterial activity against various pathogenic bacteria such as Pseudomonas aeruginosa, Escherichia coli, Bacillus subtilis, Staphylococcus aureus, Salmonella typhimurium, Vibrio damsela, Vibrio uvialis, Bacillus cereus. It can be concluded that AgNPs remains the most widely studied nanoparticles by actinomycetes. However, there are recent reports which have described synthesis of copper and gold nanoparticles using Streptomyces griseoruber and Streptomyces capillispiralis Ca-1 respectively. 43, 44 Among actinomycetes, species of Streptomyces are most widely used in pharmaceutical and enzymatic applications because, out of more than 10 000 known antibiotics, 55% are produced by them. Table 1 summarizes list of various recent reports on nanoparticles synthesis by actinomycetes and their applications. [39] [40] [41] [42] [43] [44] [45] [46] [47] 
Fungi and yeast
Fungal biosynthesis of nanoparticles is another simple and straightforward approach which has been explored extensively for fabrication of nanoparticle. In comparison to bacteria, fungi have higher productivity in terms of nanoparticles generation and higher tolerances to metals especially in context of high cell wall binding capacity of metal ions with biomass. 14 The downstream processing and biomass treatments are relatively easy in fungi as compared to bacteria and viruses. Moreover, fungi possess higher bioaccumulation ability towards metal ions resulting in an efficient and cost-effective production of nanoparticles. However, the process parameters have a signicant effect on the biosynthesis of nanoparticles. An in-depth investigation of different process parameters was carried out by Bhargava et al. to study the effect of pH, salt concentration, and reaction time on the particle size and yield of fungi Cladosporium oxysporum to convert gold ion into nanoparticles. 48 The maximum yield of AuNPs was obtained with biomass to water ratio of 1 : 5 at 1 mM salt concentration and 7 pH. Moreover, the synthesized AuNPs exhibited excellent catalytic activity in the degradation of textile dye, rhodamine B within 7 min. Mishra et al. also described the extracellular formation of gold nanoparticles by culture ltrate of Hypocrea lixii and Trichoderma viride, and studied the effect of reaction temperature and incubation time on nanoparticles biosynthesis. 49 T. viride reported AuNPs biosynthesis within 10 min at 30 C which further served as biocatalyst and strong antimicrobial agents. Metuku et al. collected a white rot fungus, Schizophyllum radiatum from Eturnagaram forest of Warangal, India and found it capable of producing well-dispersed stable silver nanoparticles. 50 Their research work investigated the potential of white rot fungus in the extracellular biomineralization of silver ion to nanoparticles of size 10 to 40 nm. These small size AgNPs demonstrated strong antibacterial activity against various pathogenic Gram negative and Gram positive bacterial strains. Most of the studies reported till date have explained the involvement of extracellular component in the fabrication of nanomaterials. Main advantage of extracellular mediated nanoscale material synthesis is that it is devoid of impurities such as intracellular proteins, and treatment with detergents, ultrasound are not required.
Apart from this, understanding the mechanistic aspects of nanoparticles synthesis has also become indispensable for developing reliable applications. To overcome this knowledge gap, Rajput et al. explored various fungal strains of Fusarium oxysporum for silver nanoparticle synthesis and studied the effect of isolate selection, temperature and pH on nanoparticles morphology. 51 Their study summarized that understanding the interactions between organic and interfacial layer will be helpful in developing novel uses, mainly in the area of biosensors. To further explore the bioinspired formation of nanoparticles, Kitching et al. extracted the cell surface proteins of Rhizopus oryzae for in vitro production of gold nanoparticles for biomedical and biocatalytic applications. 52 In 2017, Suryavanshi et al. explored the synthesis of aluminium oxide nanoparticles using Colletotrichum sp., and nanoparticles were functionalized by essential oils extracted from the Eucalyptus globulus and Citrus medica. 53 The results concluded that nanofunctionalized oil can be used as antimicrobial agents against food-borne pathogens for the prevention of food spoilage. Recently, two lamentous fungi Penicillium citreonigrum and Scopulariopsis brumptii, and an edible mushroom, Pleurotus ostreatus have also been adopted for the synthesis of nanoparticles for anti-cancer and antimicrobial application, respectively. 54, 55 Table 2 depicts the list of various fungi that have been used for the biosynthesis of different metallic nanostructures for various applications. [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] Apart from fungi, some researchers have investigated the use of yeasts for the biogenic synthesis of the nanoparticles. Yeast possess the inherent capability to absorb and accumulate high concentrations of toxic metal ions from their surroundings. 11 Yeast cells adapt themselves under metal toxicity conditions using various detoxication mechanisms viz. bio-precipitation, chelation, and intracellular sequestration. This property of yeast cells has been exploited by various researchers. For example, in one study a marine strain of ascomycetous yeast Yarrowia lipolytica was employed for the biomimetic synthesis of silver nanoparticles in a cell associated manner. 67 The study concluded that possibly brown pigment (melanin) obtained from the yeast cells was responsible for biomineralization of metal ions. The pigment-derived silver nanoparticles displayed antibiolm activity against Salmonella paratyphi pathogen. In another research work, Waghmare et al. reported the ecofriendly extracellular biosynthesis of AgNP using Candida utilis NCIM 3469. 68 Nanoparticles were circular in shape with size inbetween 20 to 80 nm and showed antibacterial activity against pathogenic strains i.e. Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. In a recent study, Elahian et al. utilized a genetically modied yeast, Pichia pastoris for the biosynthesis of silver nanoparticles. 69 Engineered Pichia pastoris strain overexpressed a metal-resistant gene, cytochrome b5 reductase enzyme obtained from Mucor racemosus, for the reduction of metal ion into nanoparticles. The cytochrome b5 reductase enzyme leads to synthesis of stable and welldispersed metal nanoparticles within size range of 70-180 nm. In 2016, Eugenio et al. isolated a yeast strain, Candida lusitaniae from gut of a termite and demonstrated production of silver nanoparticles with diameter in the range of 2-10 nm. 70 The silver nanoparticles showed antiproliferative activity against S. aureus and Klebsiella pneumoniae, and presented a promising alternative to commonly used antibiotics. Sriramulu and Sumathi (2018) employed Saccharomyces cerevisiae aqueous extract for the synthesis of hexagonal palladium nanoparticles (PdNPs) of size 32 nm. 71 PdNPs showed photocatalytic degradation of textile azo dye (direct blue 71) to 98% within 60 min under UV light. All these literature reports suggested that the difference in nanoparticle size, shape and properties is because of the different mechanisms adopted by yeast cells to synthesize and stabilize the nanoparticles. Table 2 shows the list of various yeasts used for the synthesis of different metal nanoparticles. [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] 
Algae
Similarly to yeast, there are diverse literature reports on algae being used as a "nanofactory" for biosynthesis of metal nanoparticles (Table 3) . Ferreira et al. employed the dried unicellular microalga, Chlorella vulgaris for the biosynthesis of silver nanoparticles within range of 9.8 AE 5.7 nm. 85 The spherical shaped nanoparticles were observed to be a promising green alternative for biomedical application as antimicrobial agents. In another study, Arsiya et al. evaluated the synthesis of palladium nanoparticles using Chlorella vulgaris aqueous extract within 10 min. 86 TEM results revealed that the nanoparticles were circular and mono-dispersed in nature having size of 5 to 20 nm. This study rst time reported synthesis of palladium nanoparticles in a comparatively shorter time duration using C. vulgaris. The biosynthesis of palladium nanoparticles has also been reported using marine alga, Sargassum bovinum which is isolated from Persian Gulf area. 87 Dhas et al. explored the synthesis of silver chloride nanoparticles using the aqueous extract of marine alga, Sargassum plagiophyllum. 88 Recently, an economical green method has been reported for the synthesis of silver nanoparticles using a marine green alga, Caulerpa racemosa. 89 The synthesized nanoparticles exhibited remarkable catalytic activity towards the degradation of methylene blue. Ramakrishna et al. studied the synthesis of gold nanoparticles using aqueous extracts of brown algae, Sargassum tenerrimum and Turbinaria conoides. 90 The AuNPs displayed excellent biocatalytic activity in the degradation of aromatic nitro compounds and organic dyes. The metal nanoparticles of zinc oxide (ZnO) have also generated curiosity among researchers due to their unique physicochemical characteristics and wide applications in opto-electronics, sunscreens, biomedicine and food additives etc. Rajeshkumar (2018) adopted two marine brown seaweeds such as Padina tetrastromatica and Turbinaria conoides algal formulation for the biosynthesis of ZnO nanoparticles and evaluated their antimicrobial potential against sh pathogens. 91 In another recent work, Sanaeimehr et al. synthesized ZnO nanoparticles using Sargassum muticum extract and established their antiangiogenic and antiapoptotic potential against human liver cancer cell lines. 92 All these literature reports indicates that researchers are now exploring marine organisms for the biogenic synthesis of nanoparticles because marine algae contain various biologically active compounds and secondary metabolites that allow them to act as "nanofactories". 93 These marine algae have lots of applications in biomedicine as antioxidants, anticancer, antidiabetic, cardioprotective, hepatoprotective and antiviral agents. Table 3 highlights the results of recent reports on algaebased biosynthesis of metal nanoparticles for different biological applications. 85-108
Viruses
An interesting property of viruses is their thick outer surface coating of capsid proteins which provide a highly suitable platform for interaction with metallic ions. 109 These protein cages can build monodispersed units that are highly robust and mouldable through genetic engineering. Viruses can be modi-ed to serve as templates for material deposition or engineered to create three-dimensional vessels for targeted drugs delivery. 110 Viruses can be employed for the synthesis of nanoconjugates and nanocomposites with metal nanoparticles which are important bioengineering materials in drug delivery and cancer therapy ( Table 4 ). Mao et al. investigated the use of M13 bacteriophage for the nucleation and orientation process of semiconductor nanocrystals. 111 This group showed a genetically controllable biogenic synthesis route to a semiconductor 113 The unique morphology of RCNMV and structural changes in response to divalent cations removal helps in doxorubicin infusion to the capsid through surface pore formation mechanism. Le et al. investigated the potential of potato virus X nanoparticles for the delivery of doxorubicin drug for cancer treatment. 114 Potato virus X has the capability to synthesize elongated lamentous nanoparticles which exhibits 
Mechanism of nanoparticles synthesis using various bioreducing agents
In literature there are large number of reports which have discussed about the possible mechanistic aspects to explain the complex process of biomineralization of metal ions into nanoparticles. However, our current understanding of the mechanistic aspects is still very limited and need to be explored further. The biosynthesis of metal nanoparticles in microorganisms have been proposed to be dependent on three different mechanisms: reductase enzymes and proteins, exopolysaccharide, and electron shuttle quinones. 14 
Role of enzyme and proteins
Majority of the studies have suggested possible involvement of enzymes and proteins as the main bioactive moiety which act as reducing and capping agent during the nanoparticles synthesis. Nanoparticles formation have been generally considered as an outcome of the microbes resistance to metal ions. Metal resistance has been seen in most of the bacteria and fungi. Microbes have adopted various defense mechanisms viz. reduction of metal ions, complex formation, precipitation, dissimilatory oxidation to ght against metal toxicity. 119 Metal nanoparticles are produced via redox reactions which occur either intracellularly or extracellularly. Earlier reports have indicated the possible involvement of NADH-dependent nitrate reductases in metal bioreduction. In 2014, Karthik et al. proposed a possible mechanism for the bioreduction of silver ions into nanoparticles by using Streptomyces sp. LK3 at room temperature. 40 Their study concluded that the nitrate reductase enzyme of actinomycetes was responsible for the bioreduction process (Fig. 2) . The culture not only demonstrated nitrate reduction to nitrite, but also showed reduction of nitrite to nitrogenous gases. The AgNPs were found to be stable for months without using any capping agents. Even no particle aggregation was observed in the mixture which further strengthens the stability of AgNPs. Their work provided an easy, cost-effective, and ecofriendly approach for the green synthesis of small size (5 nm) silver nanoparticles. In another study, Divya et al. demonstrated synthesis of monodispersed silver nanoparticles using the bacterial strain Alcaligenes faecalis. 35 This report also illustrated that the reducing agents such as NADH and NADH dependent reductases produced by culture in supernatant were mainly responsible for bio-mediated synthesis of silver nanoparticles.
The investigators also suggested that the synthesized silver nanoparticles showed antimicrobial activity against urinary tract infection causing clinical isolates such as Bacillus sp., E. coli, K. pneumoniae, S. aureus and C. albicans. Recently, Hamedi et al. studied the synthesis of AgNPs using the cell free culture ltrates of Fusarium oxysporum 66 and results showed that the highest synthesis rate of nanoparticles was obtained during stationary phase when activity of extracellular enzyme nitrate reductase was maximum. Moreover, increase in C : N ratio resulted in the induction of nitrate reductase enzyme and synthesized AgNPs with small size and narrow size distribution. Many researchers have investigated the role of conductive pili and cell surface proteins in transfer of electron resulting in extracellular reduction of metal ions. 52, 120, 121 For e.g., the biomineralization of uranium metal ions to uranium nanoparticles by Geobacter sulfurreducens has been reported by Cologgi et al. (2011) . 120 The importance of pili (bacterial external appendages made up of pilin proteins) in extracellular reduction was validated by performing experiments under pilin-inducing and noninducing conditions. Astonishingly, in the pilin-decient mutants, uranium nanoparticles were formed inside the periplasmic space, whereas in the pilin-supplemented strains, nanoparticles were produced extracellularly. Pilin expression signicantly increased the rate of uranium biomineralization and prevented its periplasmic localization. Furthermore, another pioneer work in the area of uranium reduction explained the phenomenon of electron transport in actively respiring Geobacter spp. using conductive pili. 121 It was concluded that pilin proteins in Geobacter were essential for the immobilization of uranium, c-cytochrome organization, and extracellular reduction of uranium. Kitching et al. demonstrated the one-pot synthesis of gold nanoparticles by puried cell surface protein of Rhizopus oryzae. 52 This work elucidated the effect of cell surface protein on the size and morphology of AuNPs. It was concluded that different cell surface protein extraction methods could affect stability of protein and the AuNPs biosynthesis. Biosynthesized nanoparticles showed good stability and hemocompatibility for different biomedical applications.
Vasylevskyi et al. carried out an in-depth investigation of biomineralization process of silver ion at molecular level using Geobacter sulfurreducens. 122 Vasylevskyi and his group explained that the reduction of Ag + ion to Ag 0 is an endergonic reaction, whereas aggregation to Ag n clusters is an exergonic process which further leads to stable AgNPs synthesis. This hypothesis was based on various experiments conducted during AgNPs synthesis by photoinduced electron transfer through tetrapeptide/Ag + solution (shown in Fig. 3 ). Electron transfer through tetrapeptide 1 containing histidine at N-terminal did not generate AgNPs by photoinduction. Although, tyrosine amino acid present at C-terminal region of tetrapeptide 1 generated tyrosyl radicals and electrons, Ag + ions attached to the histidine at N-terminal were not reduced to AgNPs. It was concluded that high binding energy of the imidazole side chain of histidine prevented the aggregation of Ag 0 into Ag n clusters and hence inhibited the synthesis of AgNP by photoinduction ( Fig. 3 , Scheme 1). But amino acids containing weaker Ag + binding side chains such as aliphatic amines, amides, acids, alcohols, or alkyl groups could allow AgNPs synthesis by photoinduction. Therefore, histidine residue of the N-terminal region of tetrapeptide 1 was replaced by lysine, asparagine, aspartate, serine, and alanine, to generate the different tetrapeptides 2 A-E, respectively (Fig. 3 ). The addition of AgNO 3 solution to these tetrapeptides (2A-2E) synthesized AgNPs upon irradiation of the C-terminal tyrosine (Fig. 3, Scheme 2) . Thus, it was concluded that successful production of AgNPs essentially requires a rapid exergonic aggregation of Ag 0 into Ag n clusters.
Role of electron shuttle quinones (or redox mediators)
During nanoparticles synthesis, electrons can be transferred via low molecular weight redox mediators like ubiquinol, NADH or oxygen/superoxide or by direct interaction between c-type cytochromes redox proteins and the metal ion. 123 Various literature A molecular mechanism was proposed for the involvement of ctype cytochromes in transferring electrons from quinol at the inner membrane (IM), through the periplasmic space (PS), and across the outer membrane (OM) to the metal oxide surface (Fe(III) oxide) (Fig. 4A) . The protein components identied to date for the Mtr pathway include CymA, MtrA, MtrB, MtrC, and OmcA. A similar mechanism can be hypothesized for bacterial metal nanoparticles synthesis outside the bacterial cell surface (Fig. 4A ). Shi et al. revealed that CymA is an inner-membrane tetraheme c-type cytochrome (c-Cyt), that belongs to the NapC/NrfH family of quinol dehydrogenases. 124 It was hypothesized that CymA oxidizes the quinol in the inner-membrane and transfers the electrons to MtrA either directly or indirectly through other periplasmic proteins. MtrA is a decaheme c-Cyt and observed to be embedded in the trans outer-membrane and porin like protein MtrB. Along with MtrB, MtrA transfers the electrons from the outer-membrane to the MtrC and OmcA located on the outermost surface. OmcA and MtrC are two outer-membrane decaheme c-Cyt which are translocated from the outer-membrane to cell surface by the bacterial type II secretion pathway. MtrC and OmcA function as terminal reducing agents and can bind to the surface of Fe(III) oxides and transfer electrons directly to these oxides through their exposed hemes part. MtrC and OmcA can also use the avins secreted by S. oneidensis MR-1 cells as diffusible factors for reduction of Fe(III) oxides at faster rates. MtrC and OmcA can also serve as the terminal reducing agents for soluble forms of Fe(III) because of their broad redox potentials and extracellular location. Earlier, Rodrigues et al. determined the molecular structure of NrfH of Desulfovibrio vulgaris, which is the only available molecular structure for the NapC/NrfH family of quinol dehydrogenases. This model proposes that quinol binds inside the pocket adjacent to heme 1 of NrfH of D. vulgaris, where quinol undergoes oxidation. 125, 126 The proximal axial ligand of NrfH of D. vulgaris contains a methionine residue (Met49) that is two residues downstream from the histidine residue of the CX 2 CH motif for binding of heme 1, and an aspartate residue (Asp89) is at the position usually occupied by the distal axial ligand. However, Asp89 is not used for heme coordination but it binds to quinol. 125, 126 Later on, Hartshorne et al. provided the rst molecular model of electron transfer across the bacterial outermembrane. 127 MtrB is a trans outer-membrane spanning bbarrel protein that serves as a pocket to incorporate MtrA inside the membrane. MtrAB function as a trans outer-membrane delivery module for transfer of electrons to MtrC, which serves as an extracellular reductase. MtrA contains a signal peptide that targets the synthesized polypeptide to the periplasmic space via the bacterial secretary system. The MtrA polypeptides can be divided into two pentaheme domains, each of which shares sequence similarity with NrfB of E. coli. 128 When it is expressed in E. coli, the truncated MtrA having only one of its pentaheme domains is folded properly and contains ve hemes, providing experimental evidence that MtrA contains two repetitive functional domains. 128 This type of heme arrangement help in rapid electron transfer from the heme groups of NrfB that form a molecular wire. Clarke et al. (2011) determined the molecular structure of MtrF, an MtrC homolog, and provided the molecular structural evidence in favour of terminal reducing agent for the outer-membrane c-Cyt of S. oneidensis MR-1 in Fe(III) oxide reduction. 129 Results revealed that MtrF is folded into four different domains: domains I (aa and III (aa 319-473) each containing seven anti-parallel b-strands and folded together to form a split-b barrel structure, while domains II (aa 187-318) and IV (aa 474-641) each bind ve tightly packed hemes. It was thought that domain II binds with solid-phase Fe(III) oxides by transferring electrons directly to the oxides via the solvent-exposed heme. Domain I and III are proposed to be involved in binding and reduction of avins and soluble metals such as chelated Fe(III), while domain IV is involved in physical interaction with the MtrDE (MtrAB homologs) complex and exchange electrons with MtrD. It should be mentioned that the overall shape of MtrF is very similar to that of OmcA; 129 which further conrms that MtrF and OmcA can fold in similar way. Like MtrC and OmcA, MtrF also reduces Fe(III) oxides and avins. 130 Thus, the structural characterization of MtrF supported the fact that cell surfacebound c-Cyts MtrC, MtrF, and OmcA transfer electrons directly to the surface of Fe(III) oxides through their solventexposed hemes.
Later on, Ng et al. elucidated a technique to explain the role of c-type cytochromes in the extracellular synthesis of nanoparticles. 131 In this technique, a mutant strain of Shewanella oneidensis lacking cytochrome genes (MtrC and OmcA) was used to perform silver nanoparticles synthesis. Nanoparticles produced by mutant strain were smaller in size and lesser in number as compared to wild-type strain of S. oneidensis. This indicated that c-type cytochromes help in transferring electrons to extracellular metal ions. Liu and co-authors demonstrated the direct involvement of outer membrane c-type cytochrome protein complexes (ombB, omaB and omcB) in extracellular reduction of Fe(III)-citrate and ferrihydrite using a metalreducing bacterium Geobacter sulfurreducens PCA. 132, 133 The similar phenomenon of electron transfer via c-cytochromes was observed in another report on silver nanoparticles synthesis by Geobacter sulfurreducens. 122 During this process, electrons generated through respiration were transported by Fe 2+ /hemes of c-cytochromes (Ppc) via periplasmic space to Fe 3+/ hemes of the outer membrane cytochromes (Omc). Subsequently, electrons were transferred from protein core of Omc to the surface attached Ag + ions to synthesize AgNPs while oxidizing the cytochromes again to Fe 3+/ hemes (Fig. 4A) . Overall, these reports concluded that the multiheme complexes help in electrons movement from the inner membrane to the cell wall (or outer membrane) via periplasm, and thus help in the extracellular reduction of metal ions into nanoparticles.
Role of exopolysaccharides
Bacterial exopolysaccharides (EPSs) are biomolecules which are secreted extracellularly and have different biological roles, such as environmental protection, surface adherence, and cell to cell interactions. EPSs have been explored as agents for greener production of numerous metal nanoparticles, since they have the capability to reduce metal ions to synthesize nanoparticles and stabilize them acting as capping agents. 4, 30 Kang et al. studied silver nanoparticles formation by exopolysaccharide in Escherichia coli biolm and concluded that aldehyde and hemiacetal groups present in the exopolysaccharides act as the bioreducing agents. 134 FTIR and 13 C nuclear magnetic resonance (NMR) spectroscopy results of EPS interactions with metal ion indicated that the hemiacetal groups of rhamnose sugars were involved in synthesis of silver nanoparticles. Moreover, the aldehyde groups in rhamnose and pyranose sugars were oxidized to carboxyl groups by silver ions. Choudhury et al. developed a strategy for the synthesis of gold nanoparticles using pullulan as reducing agent. 135 In-depth analysis of thermodynamic parameters further revealed that gold nanoparticles synthesis followed rst order kinetics and small size nanoparticles were formed at elevated temperature (100 C). FTIR analysis clearly showed that the basic structure of pullulan remain unaffected during synthesis of gold nanoparticles by pullulan polymer, and a-1,4 and a-1,6 linkages of polymer were also intact even aer the reaction. It was hypothesized that the biomineralization of gold ions was due to the oxidation of side chain aliphatic alcoholic groups of pullulan molecule. Thus, it may be concluded that the free CH 2 OH groups of pure pullulan molecules were oxidized to COO À carboxyl group, while simultaneous reduction of Au 3+ to Au 0 resulting in the formation of gold nanoparticles. Fig. 4B demonstrates the pictorial representation of biomineralization of gold ions by pullulan exopolysaccharide.
Similar observations were reported in another work while describing the synthesis of silver nanoparticles using Ochrobactrum rhizosphaerae, and deciphered that the active moiety responsible for synthesis and capping of silver nanoparticles was EPS. 4 Later on characterization of the EPS by various biochemical techniques suggested that it is a glycoprotein (GLP) in nature. FTIR spectrum further revealed the involvement of various functional groups responsible for the reduction of metal ions to nano-colloidal solution. It was concluded that the free CH 2 OH groups of GLP molecules were oxidized to carboxyl groups (COO À ) with simultaneous reduction of Ag + to Ag 0 resulting in the formation of silver nanoparticles. In 2016, Raj et al. illustrated that EPS obtained from a marine bacterium, Pseudomonas aeruginosa JP-11, has the potential of forming spherical cadmium sulde (CdS) nanoparticles which were in 20-40 nm diameter range. 33 Surface functionalization of EPS with sulphur groups enhanced the adsorption efficiency of cadmium metal ions. The sulphur groups are mostly preferred for functionalization due to their high stability constant and low solubility products. They easily attach with the cadmium ions in the aqueous solution and synthesize CdS nanoparticles. This work showcased that CdS nanoparticles synthesis using EPS also assists in cadmium metal detoxication from aqueous solution. In 2017, Yumei et al. reported synthesis of silver nanoparticles using EPS derived from Arthrobacter sp. B4. 29 Subsequent zeta potential and FTIR analysis revealed that the shi of -C]O and -OH absorption peaks in B4-EPS before and aer the formation of silver nanoparticles was responsible for reducing Ag + ion and leading to high stabilization of nanoparticles as capping agents. Furthermore, these nanoparticles showed high stability, excellent antibacterial activity, and low phytotoxicity.
The mechanistic aspects of nanoparticles synthesis by exopolysaccharides further need to be discussed in detail. The structure of EPSs is mainly composed of carbohydrates such as monomers of D-glucose, D-mannose, L-fucose, D-galactose, Lrhamnose, D-galacturonic acid, D-glucuronic acid, L-guluronic acid, D-mannuronic acid, N-acetyl-D-glucosamine, and N-acetyl-D-galactosamine, as well as noncarbohydrate components that confers an anionic nature to the EPSs such as carboxyl, phosphate, sulfate, and pyruvate substituents. [136] [137] [138] [139] In addition to providing the negative charge, these organic groups increase the lipophilicity of the EPSs and directly inuence their interaction with other polysaccharides and cations. 136 In general, it has been noted that once metal ions are in contact with EPSs that contain reducing sugars, they are chelated and then reduced and stabilized by various functional groups. Polyanionic groups are the best known chemical moieties to be involved in the reduction and stabilization of metal nanoparticles. 140 Moreover, electrostatic interactions between metal cationic ions and anionic groups such as carboxylic and phosphoric functional groups of EPS have been mentioned to be an advantage for the synthesis of metal nanoparticles. 141 Among these functional groups, hydroxyl, carboxyl, phosphoric, hemiacetal, and amino end groups have been proposed to reduce metal ions from the precursor salts to obtain the respective nanoparticles. 142 In relation with the above, hydroxyl groups have been attributed the ability to coordinate with metal ions. 143 In fact, during the reducing process, oxidation of hydroxyl groups to form carbonyl groups as well as oxidation of alcoholic and aldehydic groups to form carboxylic groups has been reported to be an important factor during synthesis of metal nanoparticles. 144 Thus, in relation to the EPSs described in this study, the structure of xanthan gum has been described to be helical with many hydroxyl groups that can carry out reduction of ions. In addition, this structure creates a network by hydrogen bonding in which nanoparticles stabilize. 145 Further, xanthan gum has negative charge due to acetyl groups and pyruvic acid linked with mannose, and provides this charge to nanoparticle surface creating a steric repulsion among them. 146 Dextran, is useful in the synthesis of metal nanoparticles since their hydroxyl, ketone, aldehydes, and carboxyl groups interact and allow the reduction of Ag + ions to form Ag-NPs, preventing their agglomeration as well. 147 At this point, it was mentioned that oxygen from dextran functional groups can donate their pair of electrons to gold ions thereby producing Au-NPs. 148 As it is well known, dextran is rich in hydroxyl groups that can interact with magnetic nanoparticles by hydrogen bonds stabilizing them. 149 For curdlan, the carboxylic groups of curdlan derivatives such as carboxylic curdlan and carboxymethyl curdlan have the ability to adsorb metal ions by electrostatic attractive forces. These functional groups reduce the metal ions, and the necessary nucleation is created to form stabilized clusters during synthesis of AuNPs and AgNPs. 150, 151 
Large scale production of biomediated nanoparticles
Microbial fermentation represents state of the art approach for large-scale production of nanoscale structures of different metals. In recent years, researchers have explored large-scale synthesis of nanoparticles using biogenic routes with a narrow size distribution. 152, 153 In 2010, Moon and his group rst time reported large scale production of magnetic and metal-substituted magnetic nanoparticles using Thermoanaerobacter sp. TOR-39. 154 This report concluded that magnetic nanoparticles production can be obtained in huge quantities at low cost, similar to traditional chemical synthesis. At the end, about 1 kg (wet weight) of Zn-substituted magnetites were obtained from 30 L fermentations. The magnetic nanoparticles have become focus of recent research as they are promising candidate for magnetic resonance imaging, bioremediation, data storage, catalysis biosensors development, and they can be manipulated very easily under magnetic eld inuence. In another report, Moon et al. employed the same thermophilic strain Thermoanaerobacter sp. TOR-39 for the extracellular synthesis of cadmium sulde (CdS) nanoparticles. 155 The size of CdS crystallites was less than 10 nm and process was easily scalable up to 24 L. Various factors such as biomass concentration, dosing amount, type of precursors used, and the basal medium composition were found to be crucial for producing tailor-made nanoparticles. 156 This work investigated the scalability of bacteria mediated ZnS nanoparticles production in 100 L and 900 L scale bioreactors. Repeated 100 L batches using fresh or recycled media produced ZnS nanoparticles with high reproducibility in crystalline size of 2 nm and yields of approximately 0.5 g L À1 which were close to the small-scale batches. The cultivation at 900 L scale yielded around 320 g ZnS nanoparticles powder and this amount was sufficient for the synthesis of ZnS thin lm with thickness of 120 nm over 0.5 m width and 13 km length. In another study, Ramos-Ruiz et al. discussed the potential of upow anaerobic sludge bed reactors for continuous conversion of toxic tellurite oxyanions (Te IV ) to non-toxic recoverable tellurium (Te 0 ) nanoparticles using methanogenic microbial consortium. 153 This group also evaluated the effect of redox mediating avonoid compound, riboavin (RF), with the aim of increasing the reduction of tellurite oxyanions. The presence of riboavin mediator enhanced the conversion rate of tellurite by approximately 11-fold. This work elucidated that the methanogenic anaerobic granular sludge can be adopted as a bioreactor technology for the continuous production of tellurium nanoparticles in direct recoverable mode (Fig. 5A) . Moreover, the sludge was able to sustain the reduction of high loads of toxic tellurite oxyanions. With respect to large-scale production, the fact that only few reports are available on bioreactor cultivation strategies for biosynthesis in last six years is not a good nding, as these strategies are essential for obtaining higher productivity of nanoparticles synthesis. These are indeed important for largescale level production and thus need to be further investigated.
Advantages and limitations of biological methods in nanoparticles synthesis
There have been tremendous developments in the eld of microorganism produced nanoparticles and their applications over the last decade. The biosynthesis of nanoparticles has numerous advantages such as benign and eco-friendly production, cost-effectiveness and the biocompatibility of synthesized nanoparticles. 14 As opposed to physicochemical processes, biosynthesized nanoparticles are free from toxic chemical contaminants which is essentially a desirable trait for biomedical applications. 7 The another benet of the biogenic route of synthesis is that it does not require an additional step of capping or attachment of bioactive compounds to the nanoparticle surface to generate stable and pharmacological active particles which is otherwise essential in physicochemical synthesis. 4, 29, 40 Furthermore, the time required for biosynthesis of nanoparticles is much lesser than the physicochemical methods. For example, Arsiya et al. demonstrated one-step biosynthesis of palladium nanoparticles using Chlorella vulgaris. 86 The reduction of palladium ions into nanoparticles was achieved within 10 minutes at room temperature. The FTIR analysis of Chlorella vulgaris extract revealed that polyol and amide groups present in extract act as reducing and stabilizing agents. Several other investigators have discovered rapid biosynthetic procedures with high nanoparticles yield using different algal extracts. For example, silver nanoparticles were synthesized by algal extracts within 2 min, 106 15 min (ref. 104 ) and 1 h. 103 Gold nanoparticles were also formed within 5 min (ref. 106 ) and 10 min (ref. 95) highlighting the importance of nanoparticles synthesis using biogenic agents. In spite of various advantages offered by the biological route for the synthesis, the polydispersity and size of the nanoparticles are still big and challenging issues. Further, much work is needed to improve the efficiency of synthesis, the control of particle size and morphology. Thus, several current reports have developed a stable system for nanoparticles biosynthesis with monodispersity in size and shape. Size and shape of metal nanoparticles could be controlled by either optimizing the process parameters or modifying these parameters (Fig. 5B ). For example, Hamedi et al. demonstrated synthesis of highly monodispersed silver nanoparticles using F. oxysporum by altering the process conditions such as incubation time, temperature, metal salt concentration and C : N ratio. 66 The increase in C : N ratio resulted in synthesis of small size AgNPs with high monodispersity and productivity. In 2018, Domany et al. synthesized stable gold nanoparticles with moderate dispersity using Pleurotus ostreatus extracellular ltrate. 54 The AuNPs synthesis rate was found to increase with the increase in HAuCl 4 salt concentration, incubation time and agitation, whereas pH and temperature showed negative relation with AuNPs synthesis rate which indicates higher productivity at lower values.
In case of microbes, modication in pH leads to alteration in the overall charge of bioactive molecules, which in turn facilitates their binding affinity and hence biomineralization of metal ions into nanoparticles. For example, Yumei et al. showcased that Arthrobacter sp. promotes synthesis of silver nanoparticles at pH 7.0 and 8.0, whereas no AgNPs synthesis was recorded below pH 5.0 due to strong electrostatic repulsion between silver ion and EPS in acidic conditions. 29 Even at higher pH (above 8), no AgNPs formation was observed due to high electronegativity under alkaline conditions, which is not favourable for reduction of Ag + ion due to the presence of -COO À group. Furthermore, process parameters could also affect the shape and yield of nanoparticles. Ramanathan et al. demonstrated that spherical shaped silver nanoparticles (AgNPs) of small size were synthesized at optimum growth temperature of 20 C using Morganella psychrotolerans, 28 whereas silver nanoplates of large size were observed at growth temperature of 4 C. Although there are few reports on process parameter optimization, it is clear from the results that optimizing these variables can solve the issue of polydispersity and production yield of nanoparticles. This demands further 
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investigation on bio-mediated synthesis of nanoparticles for their production with high efficiency.
For efficient bio-synthesis of metallic nanoparticles, a number of controlling factors are involved in the nucleation and subsequent formation of stabilized nanoparticles. These factors include pH, reactant concentrations, reaction time, and temperature (as discussed earlier). Apart from optimizing these parameters, the use of biolms is another prospective approach for efficient biosynthesis of nanoparticles. 119 Biolms have recently been recognized as the most active growth mode of bacteria. 157 Biolms exhibit various interesting properties such as catalyzing activity, highly reducing matrix and ability to control electrochemical reactions which provide a favourable environment for easy and efficient synthesis of nanoparticles than planktonic cells at forming nanoparticles. 158 Moreover, the protective nature of biolms with diffusion limitation for outside materials, keeps the entire synthesis process free from contamination; overall, this makes it a promising approach for biosynthesis of nanoparticles in aqueous systems. 159 Nanoparticles synthesis in biolms offers additional advantages, such as high biomass concentrations and large surface areas, which can lead to more efficient and scalable biosynthesis. Biolms have up to 600 times higher metal resistance properties than their planktonic counterparts 160 and can catalyze electrochemical redox reactions by providing an appropriate environment with natural reducing agents such as proteins, peptides, and heterocyclic compounds for metal reduction to nanoparticles. 159, 161 However, there has been very limited work on nanoparticles synthesis in biolms and little is known about the stabilizing mechanism of nanoparticles in biolms. Therefore, a thorough understanding of the molecular mechanism of nanoparticles synthesis in biolms as well as their planktonic counterparts would help future researchers to develop more robust microbial systems for rapid and optimized biosynthesis of nanoparticles with desired sizes and shapes. Based on the mechanisms of metal reduction in bacterial bio-lms, genetic modication of bacterial strains can be designed to obtain controlled sizes and shapes of nanoparticles and optimize production with high yield. 162 Furthermore, the conversion of metal into nanoparticles also brings toxicity issues. Several reports have mentioned adverse effects of these nanomaterials on the biological systems and cellular components. Cytotoxicity of nanoparticles depends on various factors such as their size, shape, capping agent, density of nanoparticles, and the type of pathogens against which their toxicity is evaluated. 163 Nanoparticles synthesized from nonbiological route are generally more toxic than those synthesized from the biological route. Some pathogens are more prone to nanoparticles, specially AgNPs than others due to the presence of both the Ag + ions and NPs. They slowly envelope the microbial cell and enter inside it inhibiting their essential metabolic functions. Nanoparticles are comparatively more toxic than bulk materials. They are toxic at cellular, subcellular and molecular levels. 164 There are several reasons for the cytotoxicity of nanoparticles such as physicochemical properties, contamination with toxic element, small size, high surface charge and free radical species generation. Oxidative stress and lipid peroxidation have been observed in sh brain tissue on exposure to nanoparticles. 165 The cytotoxicity by nanoparticles is thought to be generated through reactive oxygen species (ROS) as a result of which a decrease in glutathione levels and an increase in free radicals occur. Nanoparticles have large surface area which provide a better contact with microbes. Therefore, these nanoparticles are able to penetrate the cell membrane or attach to the cell surface based on their particle size. 166 Moreover, they were observed to be highly toxic to the bacterial strains and their antibacterial efficacy is increased with the decrease in particle size. Carlson et al. have demonstrated an increase in ROS generation for 15 nm hydrocarbon coated AgNPs as compared to 55 nm. 167 It has been observed by Liu et al. that 5 nm AgNPs were more toxic than 20 and 50 nm nanoparticles to four cell lines, namely, A549, HePG2, MCF-7 and SGC-7901. 168 Till date, there have been extensive research on nanoparticles toxicity in order to explain their mechanism of action, and three different mechanisms have been devised so far which include cell wall and membrane damage, intracellular penetration and molecular damage, and oxidative stress. These mode of action have been discussed in detail in next section.
The toxicity concern of nanoparticles can be suitably reduced by coating these nanoparticles with biocompatible agents. Although the main role of coating/capping is to stabilize that nanoparticles and prevent agglomeration, but the biocompatible nature also makes it suitable for various biomedical applications. 163 In green synthesis, stabilization of the nanoparticles is achieved by the biocompatible material only, and hence the toxicity issue is reduced in most of the cases. In 2012, one report suggested that the stabilization of AgNPs by different polymer surfactants reduces the toxicity of AgNPs against mouse skin broblasts (L929), human hepatocarcinoma cells (HepG2), and mouse monocyte macrophages (J774A1). 169 Polymer capped AgNPs at a concentration of 1.5 ppm showed hemocompatible nature. It is a well known fact that the materials with a hemolysis ratio less than 5% are generally regarded as hemocompatible and safe. 163, 169 Biosynthesis using polymer i.e. glucan resulted in a glucan capped spherical AgNPs of size 2.44 nm. 170 These nanoparticles showed only 0.68% hemolysis to human red blood cells (RBCs) at its LD 50 dosage. Thus, AgNPs-glucan conjugates were observed to be biocompatible with human RBCs at their LD 50 dosage. In a similar study, polysaccharide capped AgNPs of size 2.78 nm were synthesized using a hetero-polysaccharide isolated from Lentinus squarrosulus (Mont.). 171 These nanoparticles also showed compatible nature with human RBCs at its LD 50 dosage. Thus, the biocompatibility obtained through green synthesis route suggests that it is possible to use nanoparticles in varying eld of biomedical application.
Mechanism of antimicrobial action
The interaction of nanoparticles with microorganisms starts with adhesion of nanoparticles on the microbial cell wall and membrane, and it is based on electrostatic attraction between the negatively charged microbial cell membrane and positively or less negatively charged nanoparticles. 172 The interaction of nanoparticles with bacterial cells is also demonstrated by a signicant drop in zeta potential of cell surface in both Grampositive and Gram-negative bacteria. 173, 174 Aer adhesion, morphological changes in the membrane structure are induced by the nanoparticles, and thereby resulting in disruption of membrane permeability and respiratory functions through membrane depolarization, and ultimately disruption of the cell structure and cell death. 175 As a result of the disruption of the cell structure, the cellular components including enzymes, proteins, DNA, metabolites start leaking into the environment. [175] [176] [177] Therefore, this degeneration of the cell wall by the nanoparticle attachment is believed to be rst mechanism of the antimicrobial action. 178 Moreover, nanoparticles have been reported to cause irregular pit formations on the cell wall, which further help the nanoparticles to enter into the periplasmic space and nally inside the cell. 179 Aer the interaction of nanoparticles with bacterial cells, peripheral damages and dense cavities on the cell surface can be observed by advanced imaging techniques such as transmission electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force microscopy (AFM). 180 Gahlawat et al. investigated the morphological changes in bacterial cell caused by AgNPs by scanning electron microscopy (SEM). 4 The untreated bacterial cells demonstrated smooth morphology and original structures, whereas the cells treated with AgNP for 5 h showed pores and cavities on the cell membrane and lost their membrane integrity and the original morphology. They also reported the cell lysis and leakage of intracellular contents from the AgNP treated bacterial cells using SEM. 4 In addition, it is thought that nanoparticles can also interact with proteins on the outer surface, form complexes with oxygen, phosphorous, nitrogen or sulphur atom containing electron donors, and cause irreversible damages in the cell wall. 181 The interaction of protein thiol groups with silver ions and AgNPs is well-understood, and thiol groups in the enzymes of bacterial respiratory chain have been found to be possible sites for Ag + ion binding. 182 In another study, it was elucidated that the interaction of nanoparticles with sulphur containing membrane-bound proteins and enzymes led to inactivation of these molecules. 183 McQuillan and Shaw (2014) proposed another possible mechanism in which Ag + released from AgNPs may enter inside the cell by cation selective membrane transport proteins called porins, and cause damage to cellular machine. 184 Aer disintegrating cell membrane and cell wall, nanoparticles can penetrate inside the cell and affect crucial functions of the cell by interacting with DNA and proteins. 185 One of the proposed mechanism for antimicrobial activity of AgNPs is based on silver ion release from the nanoparticles, which has an adverse effect on both DNA and proteins. 186 Feng et al. reported that silver ions led to deformation of the bacterial DNA from the natural relaxed state to a condensed state in which the DNA loses its replication ability. 187 Moreover, Energy Dispersive X-ray Analysis demonstrated the sulphur existence which indicates that silver ions interacted with thiol groups of proteins and resulted in inactivation of enzymatic activity. Besides this conformational change in DNA, nanoparticles can also cause degradation and/or denaturation of DNA. Toxicity by nanoparticles is generally induced by the formation of free radicals, such as ROS. 188 If the ROS is produced it may cause membrane disruption and disturb the permeability. The ROS include superoxide (O 2 À ), hydroxyl (cOH), peroxy (RCOOc), hypochlorous acid (HOCl), and hydrogen peroxide (H 2 O 2 ). These free radicals damage the cell wall and biomolecules such as proteins, enzymes, lipids and DNA. DNA damages include deletions, additions, mutations, single-breaks, double-strand breaks, and cross-linking with proteins. In this regard, Das et al. evaluated the ROS-mediated antibacterial activity of AgNPs against multidrug resistant E. coli and S. aureus, and found that ROS generation signicantly contributed to the antibacterial action. 189 High ROS levels caused the membrane damage by increasing the permeability, which ultimately resulted in disruption of electron transport chain and leakage of the intracellular content. It is also possible that ROS generation mediated by Ag + ions released from AgNPs can cause dysfunction of the bacterial electron transport chain and proton motive force as a result of inhibition of enzymes involved in the reactions. 190 In addition to disruption of membrane functions, Soo-Hwan et al. found that AgNP-mediated ROS generation caused protein leakage by increasing the membrane permeability. 191 Protein leakage from the cells treated with AgNPs nally resulted in cell death.
Future perspectives
In recent years, metal nanoparticles have been studied widely for various biomedical, bioremediation and biosensor applications because of their remarkable antibacterial, antioxidant and optical properties, large surface area to volume ratio and higher efficacy. The synthesis of metal nanoparticles by biological mode has evolved as an important branch of nanobiotechnology, and bio-agents serves as potential nanofactories for the production of nanomaterials. However, there are certain gaps and limitations in successful production of these nanoparticles which need to be sorted out by the scientic community. One of the major limitation in biomediated synthesis is complete and thorough understanding of mechanistic aspects of biofabrication of nanoparticles. Although there are reports in literature on identication and isolation of bioactive moiety responsible for biomineralization of metal ions using biological extracts, much detailed analysis of biochemical pathway is further needed for the development of tailor-made nanoparticles. Especially for biomedical purposes, it is indispensable to understand how active moieties from various biological resources bind to the nanoparticle surface to provide stability, and to synthesize nanoparticles with higher biocompatibility. Large-scale production is another major bottleneck in the development and commercialization of biocompatible nanostructures with controlled sizes and shapes. Recently, researchers have focussed on large-scale cultivation methods for nanoparticles synthesis which are scalable and reproducible with narrow size distribution. But these bulk cultivation methods for bio-nanomaterials and downstream processing techniques need to be improved further. Large scale cultivation of nanoparticles is generally hampered by the factors of high cost, high energy requirement, polydispersity and low nanoparticles yield. The production of nanoparticles at room temperatures using natural active biomolecules without any reducing agents would make large-scale fermentation more cost-effective and energy sustainable. Stable production of monodispersed nanoparticles with high yield could be achieved by optimizing various process parameters (pH, temperature, contact time, mixing ratio, salt concentration) and altering the overall charge on functional molecules. Apart from this, issues related to the biomedical applications viz. the distribution prole, release kinetics and clearance of nanostructures in vivo need to be sorted out. In-depth evaluation of the biocompatibility and bioavailability of nanomaterials is still in stage of infancy and considerable research efforts are needed in this area. The collaborative research on fermentation process development along with understanding of mechanistic aspects, scale-up and exploration of other biological agents could expedite the process of cost-effective tailor-made synthesis of nanomaterials.
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